Generally, the conjugated molecular units, which contain alternating single and double (or triple) bonds facilitate the electron transport. Also, conjugated polymers like oligomers and thiophenes, exhibit small HOMO LUMO gap [1] , which is less than 3 eV. These molecules are having delocalized π-electrons and hence higher conductivity [2] . α-Conjugated oligo-and poly thiophenes as well as their derivatives are promising materials for a wide range of applications in molecular electronic devices [3] , such as molecular wire [4] , molecular diode [5] and molecular field-effect transistor [6] . Moreover, they also offer an interesting model for understanding the electrical properties of conjugated molecular materials due to their typical conjugation structure. This chapter reports the electrical chareteristics and the chrge density distribution of quarter thiophene based molecular nanowire under various EFs. In the electrode-molecule-electrode system, generally, the organic molecules exhibit discrete electronic energy levels and substitution of isolated heavy metal atoms at either ends, vary the electronic energy levels of the molecule [7, 8] .
Results and discussion

Structural aspects
The optimized geometry of Au and S substituted quarter thiophene molecular wire for the zero and various applied EFs are illustrated in Fig. 3 .2. This molecular wire has four thiophene rings and the Au atoms are attached at either ends of the molecule through thiol atoms. As reported earlier, the thiol atom forms an excellent link between the conjugated quarter thiophene molecule and the Au atom [26] .
Normally, the conducting molecules are very sensitive to the applied external EF and the field also alters the conformation of the molecules, which leads to considerable change in the transport properties of the molecules [27] . Further, the bond length alternation due to the applied EF plays an important role in determining the conductance of molecular wires [28] . Hence, it is essential to compare the zero field geometry of the molecule with the applied fields to understand its structural stability over the range of applied EFs. Fig. 3 .2 shows the conformational variations of the molecule for various applied EFs.
For the zero field, the C−C bond distances of four rings and the C−C bonds which are link the thiophene rings in the molecule are ~1.39 and ~1.43 Å respectively; when the field increases, these distances are slightly modified, the maximum observed variation is 0.007 Å. The zero field distances of S−C bonds of the thiophene rings are ~1.82 Å; further, as the field increases, the observed maximum variation is 0.005 Å. Similarly, the applied EF altered the bond distances of terminal S−C bonds, which are found to be unequal on both ends. In the left-end (L-end), the distance increases from 1.785 to 1.792 Å, while in the right-end (R-end), the distance decreases from 1.785 to 1.772 Å; however, the variation in the R-end is slightly greater than the L-end and the difference is ~ 0.013 Å. Notably, the ring S−C bond distances are significantly longer than the terminal S−C bonds (Table 3 .1). The applied fields not altered the C H bond distances and are almost equal to the zero field distances (1.085 Å). The zero and the applied field distances of Au−S bonds are found unequal. As the field increases, the distance in the L-end decreases from 2.424 to 2.413 Å, while in the R-end, the distance increases from 2.423 to 2.450 Å; however the variations in both ends are also unequal. And, for the maximum applied field (0.13 VÅ -1 ), the variations at L-and Rends are 0.011 and 0.027 Å respectively. This large difference arises from the applied field lengthening the Au−S bond through by shrinking the S−C bond distance in the wire (Table 3 .1); the Au−S and S−C bond distances are very close to the previously reported values [29, 30] . Fig. 3 .3 shows the variation of bond lengths for zero and different applied EFs of quarter thiophene molecular wire Further, the applied fields not much altered the bond angles of the molecule and are almost equal to the predicted angles for the zero field. However, the field made a significant variation in the bond angles of the terminal (S−C−S and Au−S−C)
bonds. At the L-end, the zero field bond angle for the S(1)−C(1)−S(3) bonds is 121.9 , as the field increases (0.13 VÅ -1 ), this angle slightly decreases to ~121.5 ;
while at the R-end, the bond angle of S(2)−C(16)−S(6) bond gradually increases from ~121.9 to ~122.2 . The variation around C(1) may be due to the rotation of S(1)−C(1) bond at the L-end. However, the terminal S−C−C bonds do not exhibit any notable angular variations. When the field increases, the angle of terminal Au−S−C bonds present at either ends increases; in which, the maximum variation noticed at the L-end is 0.2 , whereas the variation at the R-end is 1.4 . The applied fields not made any significant angular variations in C C C and C C H bonds, as it is found very small. The complete bond angles of Au and S substituted quarter thiophene molecule for the zero and various applied EFs are listed in Table 3 .2. as the field increases, the corresponding observed variations are 1.6 and 1.7 . On compared with the L-end, the variation in the terminal group of the R-end has been significantly varied, which indicates that this group is highly sensitive to the positive field than the negative field. However, there is no significant variation observed in the C C S C and C C C H bonds (Table 3 .4) of the molecule for various applied EFs. Table 3 .3. (14) H (14) 179.7 179.7 179.7 179.7 179.6 179.6 S(4) C(8) C (7) H (7) - (14) 175 
Charge density distribution
Using Quantum theory of atoms in molecules (QTAIM) the relation between the topology of electron density and the chemical concepts of molecules can be accurately quantified [18] . Table 3 whereas for the applied field, these values are slightly varied, the maximum variation is 0.058 eÅ -3 . Similarly, the zero field electron density ρ bcp (r) of the C−C bonds connecting the rings are ~1.809 eÅ -3 ; for the applied field, this bond density increases to 1.831 eÅ -3 . The S−C bond density for the zero field is ~1.07 eÅ -3 , and for the applied field, the density slightly decreases to 1.059 eÅ -3 . Notably, the small value of S−C bond density indicates that the charges of these bonds are move away from the
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93 inter-nuclear axis, which confirms its dominant π-bond nature [11] . This can be well understood from the Laplacian of electron density and the bond ellipticity [31] . intervals.
EF
The Au−S bond density at zero field is ~0.5 eÅ -3 , whereas for the applied field, the density increases (0.5 -0.51 eÅ -3 ) in the L-end, but in R-end it decreases from 0.496 to 0.476 eÅ -3 ; however, the variation is found to be very small. The C−H bond density is ~1.78 eÅ -3 , which varies slightly as the field increases. The effect of electric field in the quarter thiophene molecule not much altered the bond densities of the molecule. Relatively, the variations are small for the applied field and are found to be very prominent and systematic (Table 3. Table 3 .4.
The Laplacian of electron density [ 2 ρ bcp (r)] at the bcp are being used to characterize the charge concentration or depletion of chemical bonds [20] . In the present study, the Laplacian of electron density at the bcp of all bonds in the molecule has been calculated to understand whether the charges at the bcp of the bonds are concentrated or depleted when the molecules exposed to external electric field. The calculated Laplacian of electron density for the various applied EFs along with the zero field are presented in Table 3 . depletes the charges at the bcps of C−C bonds, whereas this effect is found little more in the terminal bonds, specifically it is high at the R-end. The anisotropy of electron density distribution at the bcp of molecules can be calculated from the bond ellipticity ε = (λ 1 /λ 2 )-1, where λ 1, λ 2 are the negative eigen values of Hessian matrix [16] . The high ellipticity value implies large anisotropy of bonding density and hence strong deviations from σ-type bond character [18] . The mean value of ε for C−C bonds is found very small and the values are around 0.2. As the field increases, the bond ellipticity of S−C bond at both ends of the wire increases gradually from 0.199 to 0.212. On comparing with Au−S bonds, the ε value of S−C bond is found relatively high (Table 3 .6) for the applied field, this shows, the densities are seems to be highly anisotropy. Also the C−H bonds exhibit very low ε value ranges from 0.006 to 0.014. The calculated values of bond ellipticity of the molecule for various applied EFs are listed in 
Energy density
The necessary and sufficient conditions for bonding in molecules can be obtained from both energetic as well as electrostatic aspects of chemical bonds [32] .
Thus, the energy density distribution has been calculated for the quarter thiophene molecule, which is directly related to the Laplacian of electron density [11, 32] . When the Laplacian of electron density is positive, the kinetic energy density is dominant, which leads to the depletion of bond charge; if it is negative, the potential energy density dominates, and the accumulation of negative charge expected to happen [32, 33] . The total energy density in the bonding region H(r) is expressed as H(r) = G(r) + V(r), where V(r) is the potential energy density and G(r) is the local kinetic energy density [11] . In the case of quarter thiophene molecule, G(r) is positive, V(r) is negative and the total energy density H(r) is negative, implies that V(r) dominates for all cases. The variation of energy density distribution of the molecule for various applied EFs with reference to zero field is shown in Fig. 3.6 .
Relatively, the predicted zero field energy density H(r) for the C−C bond of the thiophene ring is found to be high (~-2 HÅ -3 ) on compared with the other bonds in the molecule; as the field increases this value slightly decreases to ~ -1.942 HÅ -3 [C(13)−C (14)]. The zero field energy density of C−H bond is ~ -1.7 HÅ -3 , there is no considerable variation observed for the increase of field. The energy density distribution in the terminal heavy atom bonds, (Au S and S C) are significantly less negative on compared with the bonds in the quarter thiophene molecule; these small values are attributed to the nature of bonds, for the applied field, the variation between both types of bonds is found to be opposite. For the applied field, the energy density H(r) of S C bonds are vary from -0.84 to -0.818 HÅ -3 . In the L-end, the total bond energy density of Au S bond increases from -0.143 to -0.148 HÅ -3 , whereas the same at the R-end decreases from -0.143 to -0.13 HÅ -3 (Table 3 .7). Fig. 3 .5 shows the variation of energy density for various applied electric fields. The complete values of energy density distribution of the molecule for various applied EFs are given in the supplementary tables S2.1 -S2.5.
Atomic charges
Generally, Mulliken population analysis (MPA) and Natural population analysis (NPA) methods [34] [35] For the zero field, the NPA charge for all C-atoms are found almost negative;
when the field increases, the charges are also increases. The NPA charges of all hydrogen atoms are slightly less (~ 0.235e) than the MPA charges; further, these values almost remain same for various fields. For the applied field, the NPA charge of S(1) atom is found less negative and increases from -0.067 to -0.075e, but the charge of S(2) atom is -0.067e, which is almost remains same for the increase of field. The charge of Au-atom at the L-end increases gradually from 0.172 to 0.266e with increase of field, while at the R-end, the effect is opposite as noticed in MPA charges and the charge decreases from 0.172 to 0.046e. On the whole, a large variation of charge in the terminal atoms have been observed for various applied EFs. The difference of charge distribution for zero and various applied EFs is presented in Table 3 .8. 
Molecular orbital analysis
The charge transport properties of the molecule [36] are determined by the difference of charge density between the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) which is known as HOMO-LUMO gap (HLG). Hence, it is essential to examine the variations in HLG and molecular orbital energy levels [36, 37] for the applied EFs. 
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This variation is also confirmed from the spectrum of density of states (DOS). Presumably, the significant decrease of HLG may facilitate for large electron conduction [38, 39] through the molecule, hence, the Au substituted quarter thiophene molecule may perform as an efficient molecular nanowire. Fig. 3 .9 illustrates the energy levels of the molecule for various applied EFs. 
Electrostatic potential
Fig . 3 .10 shows the isosurface representation of ESP [40] of Au substituted quarter thiophene molecule. The Au S bond regions exhibit high negative ESP, it explicitly reflects the opposing contributions from the nuclei and the electrons [41, 42] . For the zero bias, the negative ESP is concentrated around the S-atoms, which are present at either ends of the molecule, and the rest of the molecule carries positive ESP. With the increase of positive field from 0.00 -0.10 VÅ -1 , the negative ESP at the L-end decreases for each biasing step and at higher field it disappears; while at the R-end, the negative ESP increases and spread around the right edge of the molecule.
As the field increases to 0.13 VÅ -1 , the negative ESP spread completely around the R- 
Molecular dipole moment
The external EF field polarizes [43] the molecule, which leads to change the dipole moment of the molecule. Hence, it is necessary to find out the dipole moment of the molecule for various applied EFs. The variations of molecular dipole moment for the various applied EF were analyzed by Kirtman et al., [44] and found a linear character. However, this linearity no longer exists beyond certain applied field and it is unimportant since no molecular electronic device works under such high voltages [45] . The dipole moment of the molecule has been calculated for zero as well as various applied EFs. The calculated molecular dipole moment (µ) for zero bias is 2.69 debye, which increases almost linearly with the increase of field. The molecule becomes highly polarized (13.02 debye) for the higher field (0.13 VÅ -1 ). Fig. 3.11 shows the variation of x, y and z components of dipole moment (µ x, µ y, and µ z ) and the resultant molecular dipole moment (µ) for various applied EFs, the large variation of x-component [43] may be due to the application of field along x-direction.
I-V Characteristic curve
The current-voltage (I V) characteristic curve generally used to determine the basic parameters of electronic devices [46] . Here, the I V characteristics of the quarter thiophene molecule have been calculated using the Landauer formula [47] . 
Conclusion
The structural, bond topological properties and the electrical characteristics of Au and thiol substituted quarter thiophene molecular wire has been studied from the quantum chemical calculations and the charge density analysis for zero and various external applied fields (0 -±0.13). The bond dictances of all S C bonds in the thiophene rings are considerably greater than the terminal S C bonds. As the field increases, subsequantiley large variations are observed in the terminal S C bonds, whereas in the S C bond distances of the thiophene rings, there is no apperacible variations have been noticed. For the applied field, the Au−S bond length at the R-end is found slightly longer than the L-end; this difference may be due to the gold atom at the L-end experiences stronger electric field than the same at the R-end. The bond topological analysis shows the variation of electron density ρ bcp (r) and Laplacian Further, the electrical chareteristics of quarter thiophene for various applied EFs shows that this molecule may acts as a good conducting molecular nanowire.
